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Abstract Pyrimidine dimerization is the dominant DNA photoreaction
occurring in vitro and in vivo. Three types of dimers, cyclobutane py-
rimidine dimers (CPDs), pyrimidine (6-4) pyrimidone photoproducts (6-
4PPs), and the spore photoproduct (SP), are formed from the direct di-
merization process; it is of significance to understand the photochemis-
try and photobiology of these dimers. Traditionally, pyrimidine di-
merization was studied by using the natural pyrimidine residues
thymine and cytosine, which share similar chemical structures and sim-
ilar reactivity, making it sometimes less straightforward for one to iden-
tify the key pyrimidine residue that needs to be excited to trigger the
photoreaction. We thus adopted synthetic chemistry to selectively
modify the pyrimidine residues or to introduce pyrimidine analogs to
the selected positions before UV irradiation is applied. By monitoring
the subsequent outcomes from the photoreaction, we were able to
gain unique mechanistic insights into the photochemistry of SP as well
as of CPDs and 6-4PPs. Moreover, our approaches have resulted in sev-
eral useful “tools” that can facilitate the understanding of lesion photo-
biology. Our results summarized in this account illustrate what organic
synthesis/chemical analysis may allow us to achieve in future DNA le-
sion biology studies.
 1 Introduction
 2 Using the Deuterium Labeling Strategy to Understand SP Forma-
tion
 3 Using Microcrystals to Reveal the Reaction Intermediates in SP
Formation
 4 Using a Phosphate Isostere to Understand the SP Structure
 5 Synthesis of SP Phosphoramidite and SP Structural Studies
 6 Using a Thymine Isostere to Understand CPD Formation
 7 Using a Thymine Isostere to Understand 6-4PP Photoreaction
 8 Understanding the Chemical Stability of SP
 9 Understanding the Chemical Stability of 6-4PP
10 Summary and Perspectives for Future Research
Key words chemical synthesis, pyrimidine dimers, spore photoproduct,
cyclobutane pyrimidine dimers, pyrimidine (6-4) pyrimidone, photo-
product, photoreaction
1 Introduction
DNA photolesions induced by the UV portion of solar ir-
radiation are the dominant cause for the occurrence of skin
cancer.1 The UV region of the solar light can be divided into
three sub-regions according to the wavelength, UVC (215–
280 nm), UVB (280–315 nm), and UVA (315–400 nm). For-
tunately, the high-energy portion of the UV irradiation, that
is all UVC light and approximately 95% of the UVB light, is
filtered out by the ozone layer. Only a small portion of the
UVB light and all UVA light reach the earth surface. Once
absorbed, UVB and UVA may excite nucleobases in the ge-
nomic DNA, which subsequently react to form various DNA
photolesions. The UVB photons may promote the direct for-
mation of DNA lesions due to the high energy; whether
UVA light is strong enough to directly induce DNA lesions is
still under debate.2 On the other hand, UVA light can pro-
duce reactive oxygen species (ROS) such as singlet O2,
which then reacts with DNA producing DNA damages.
Moreover, although absent in natural solar light, the short-
wavelength UVC light also directly leads to DNA photole-
sions and is widely used in food and water sterilization pro-
cesses.
Although all four nucleobases can undergo a photoreac-
tion upon UV excitation, the pyrimidine residues are much
more reactive than the purine residues.3–5 The most com-
mon pyrimidine photoreaction is the dimerization that
leads to three major types of products: cyclobutane pyrimi-
dine dimers (CPDs), pyrimidine (6-4) pyrimidone photo-
products (6-4PPs), and 5-thyminyl-5,6-dihydrothymine [i.e.
the spore photoproduct (SP)] (Figure 1). Dimerization be-
tween a pyrimidine and a purine as well as between two
purine residues may also occur but much less frequently.6
Additionally, both the purine and pyrimidine residues are© Georg Thieme Verlag  Stuttgart · New York — Synlett 2018, 29, 15–33
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rich nature.6
Among the three pyrimidine dimers, CPDs are the most
abundant photoproducts in UV-irradiated isolated DNA and
cellular DNA in normal vegetative cells. The CPD formation
occurs through a [2+2] photoaddition mechanism that can
occur between any combination of T and C. Among them,
the TT step is the most favorable site followed by TC,CT, and
CC.7 CPD formation under UVC and UVB light is reversible.8
Because pyrimidine residues absorb at around 260 nm and
CPDs possess some absorption peaks around 230 nm, the
equilibrium between CPDs and undamaged dipyrimidine
sequences is controlled by the UV wavelength. When UVB
light is applied, more than 90% of TT dinucleotide can be
converted into CPD.9 Although the pyrimidine residues
barely absorb in the UVA region, UVA light does promote
CPD formation.10 Latest results suggest that the interbase
charge-transfer states in oligonucleotides populated by ab-
sorption of UVA photons may be converted to the π–π*
Frenkel excitons that give rise to CPDs.11 Interestingly, CPDs
may also form several hours after UVA irradiation.12 These
“dark” CPDs were indicated to be mediated by some chemi-
cal excitation processes instead of direct photoexcitation.12
In addition to CPDs, 6-4PPs are another type of relative-
ly abundant pyrimidine dimers found in isolated and cellu-
lar DNA after UV irradiation. 6-4PPs are suggested to occur
via an oxetane or azetidine intermediate formed between
the involved pyrimidine residues after photoexcitation; the
intermediate then thermally decomposes to the corre-
sponding 6-4PP.3 UVC light favors 6-4PP photochemistry.
The 6-4PP yield is much lower under UVB light, whereas
UVA light cannot induce 6-4PP formation.4 Among dipyrim-
idine sequences, TC favors 6-4PP formation most, followed
by TT and CC. The CT sequence is the least likely to promote
the 6-4PP photochemistry.7 Such a trend is very different
from that observed from the CPD photochemistry. Since it is
now known that CPD formation involves the Frenkel exci-
tons, while 6-4PP photochemistry is mainly controlled by
the charge-transfer states,11 the different reaction pattern
exhibited by various bipyrimidine sequences may simply
reflect the different reaction mechanism behind. Moreover,
6-4PP absorbs UVA/UVB light and isomerizes to the Dewar
Valence photoproduct (Dewar PP, Figure 1).13 Under solar
light, about 20% of the 6-4PPs were converted to Dewar PPs
in marine microorganisms,14 indicating that Dewar PP in
genomic DNA may be highly biologically relevant.
Different from CPDs and 6-4PPs, SP was discovered in
UV-irradiated bacterial endospores as the solely dominant
DNA photolesion.15 Under strong UV irradiation, as much as
28% of the total thymine residues in the spore genomic DNA
can be converted to SPs.16 Since spores are dormant cells,
the formed SPs simply accumulate until spores start germi-
Figure 1  The chemical structures of the three major types of dimers 
formed between two thymine residues, CPD, 6-4PP, and SP. Replace-
ment of one or both of the thymine residues by cytosine in the dipyrim-
idine step results in the corresponding CPD and 6-4PP species with 
structures similar to those of the thymine dimers shown. SP is only 
known to be formed between two thymine residues. Moreover, 6-4PP 
can absorb UVA/UVB light giving rise to the Dewar valence photoprod-
uct (Dewar PP).
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l.nation. By then, a spore-unique enzyme named spore pho-
toproduct lyase (SPL) quickly converts SPs back to TT resi-
dues through a radical-mediated direct reversal mecha-
nism.17 The almost exclusive formation of SP in UV-
irradiated spores and the efficient SP repair in germinating
and outgrowing spores are mainly responsible for spores’
extremely high UV resistance,18–21 which can be 100-fold
higher than that of the corresponding vegetative cells as
shown by some Bacillus spores.22
All three types of pyrimidine dimers were discovered in
the 1960s.8,15,23 After extensive research in the past half
century, a great deal has been revealed on the photochem-
istry and photobiology of CPDs and 6-4PPs. In contrast, the
knowledge of SP was rather limited, as summarized in the
review article by Desnous et al. in 2010.18 To better under-
stand the SP photochemistry and photobiology has thus
been a major focus of my research group during the past
eight years at IUPUI. Our SP research may be divided into
two major schemes: to understand the SP formation and to
elucidate its repair by SPL.
Together with other research groups,20,24,25 we have
drastically advanced the mechanistic elucidation of SPL.
Our SPL studies have shown that the previous mechanism,25
which excludes the involvement of protein residues in the
radical transfer process, falls short. SPL harbors a sophisti-
cated radical transfer chain that at least is composed of a
cysteine and two tyrosine residues,26 making it the first and
only enzyme in the large radical SAM superfamily
(>110,000 members)27 to utilize a protein-harbor radical
transfer pathway for catalysis. The integrity of the transfer
chain is essential for the enzyme catalysis, as a seemingly
harmless glycine mutation that is more than 17 Å away
from the enzyme active site can almost completely abolish
the enzyme activity.28 Moreover, SP in duplex DNA is a sur-
prisingly poor substrate for SPL, indicating that SPL may be
assisted by other protein partners to access SP in the ge-
nomic DNA to initiate the lesion repair in germinating
spores.29 Our SPL studies have been extensively reviewed in
recent years.17,30
In this account, “we would summarize our work using
organic synthesis and chemical analysis” means to advance
our understanding of SP photochemistry. We have proved
that SP is formed through an intramolecular H-atom trans-
fer mechanism.31 We solved the first crystal structure of di-
nucleotide SP, which reveals the impact of SP on the chemi-
cal structure of the involved thymine residues.32 We pre-
pared a SP TpT phosphoramidite, which for the first time
enables SP incorporation into an oligonucleotide with high
purity.33 Using an SP-containing oligonucleotide, we solved
the first structure of the dinucleotide SP in duplex DNA,
and found that SP induces only a minor disturbance of the
DNA helical structure.34 Additionally, using thymine
isosteres, we recently extended our studies to the under-
standing of the CPD35,36 and 6-4PP photochemistry,37 and
have gained interesting mechanistic insights into the for-
mation of these two dimers.
2 Using the Deuterium Labeling Strategy to 
Understand SP Formation
Our first SP research project was to elucidate the reac-
tion mechanisms of SP formation. Our rationale is that both
SP and TpT have the same number of hydrogen atoms;
therefore SP formation may be simply mediated by the re-
arrangement of hydrogen atoms between the two involved
thymine residues. Although the rate of SP formation after
thymine photoexcitation has not been studied, it is reason-
able to assume that the stacking interaction among neigh-
boring DNA nucleobases will not allow the reaction inter-
mediates to change positions through thermal movement.
Consequently, the steric configuration adopted in the TpT
step is likely conserved in the resulting SP.
The structure of SP (Figure 1) shows that the C5 position
at the 5'-thyminyl residue adopts R configuration as proved
by an NMR study.38 This agrees with a previous prediction
by Kim et al. based on the fact that DNA is a right-handed
helix, and therefore only the methyl moiety on the 3'-thy-
mine can be added to the 5'-thymine, leading to the 5R SP
stereoisomer in the UV-irradiated spore genomic DNA.39
Furthermore, the C6 position at the 5'-thymine of SP has
two H atoms and becomes prochiral. If the extra H6 atom
indeed comes from the 3'-methyl group of another thymine
that subsequently becomes the methylene bridge in SP, it
should occupy the same side as the methylene bridge. Thus,
the transferred H atom should occupy the H6proS position.
2.1 SP Formation in the Dinucleotide TpT Photo-
reaction
To test the hypothesis, it is desirable to use deuterium-
labeled thymine residues for photoreaction and follow the
deuterium migration within these residues during SP for-
mation with NMR spectroscopy. LC-MS spectrometry, typi-
cally used in oligonucleotide analysis, can only reveal
whether the isotopes are retained in the product. It cannot
provide details on the H-migration pattern and is thus un-
suitable for the mechanistic studies here. In this vein, it is
also not practical to examine the SP mechanism using a
long duplex DNA as it is very difficult to trace all proton sig-
nals of a large DNA molecule with NMR spectroscopy.
Moreover, to prepare enough SP-containing oligonucle-
otides through DNA photoreaction for NMR studies is also
cost prohibitive. Therefore, the dinucleotide TpT becomes
an ideal system. Different from CPDs and 6-4PPs that are
prepared by UV irradiation of DNA in aqueous solution, SP
formation may be achieved by UV irradiation of single-
strand and/or double-strand DNA in the solid state (dry© Georg Thieme Verlag  Stuttgart · New York — Synlett 2018, 29, 15–33
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l.film or ice), even though the yield of SP is less than 1% of the
total TT sequences due to fact that only a small portion of
TTs in the solid state adopt the reactive conformation.21
Previous studies show that irradiation of dinucleotide TpT
in the dry film made by lypholization of TpT aqueous solu-
tion afforded dinucleotide SP TpT,38 proving the feasibility
of using dinucleotide TpT as a work model for SP mechanis-
tic studies.
Scheme 1  The projected deuterium migrations in SP formation using 
selectively labeled dinucleotide TpT
A selectively labeled d3-TpT that contains a d3-methyl
group in the 3'-T (Scheme 1, A) and a d4-TpT with all four
hydrogen atoms in the 5'-T replaced by deuteriums
(Scheme 1, B) were therefore prepared. These labeled TpTs
were dissolved in methanol; solvent evaporation yielded
nice TpT films.40 UV irradiation of the film produces the
corresponding SPs in about 0.1 and 0.4% yield.31 That the SP
yield from the d3-TpT reaction is lower is likely due to the
primary deuterum isotope effect caused by the 3'-CD3 moi-
ety as explained in the mechanism in Scheme 3 below. Af-
ter multiple reactions, the resulting labeled SP TpTs were
collected and their structures characterized by NMR spec-
troscopy. To facilitate structural comparison, nonlabeled SP
TpT was prepared through organic synthesis following a
procedure modified from the original approach adopted by
Kim et al.39
The unlabeled SP TpT exhibits two doublets at 3.15 and
3.02 ppm in the 1H NMR spectrum (Figure 2), which have
been assigned to the H6proS and H6proR, respectively, in the
previous studies.38 In the resulting labeled SP TpTs, the dou-
blets become a singlet as the H→D replacement eliminates
the H–H coupling at the C6 position. Furthermore, the d3-SP
TpT has a singlet signal at 3.14 ppm but no signal at about
3.02 ppm, consistent with H6proS being occupied by a deute-
rium. The d4-SP TpT shows an opposite trend, that is a sin-
glet at 3.01 ppm and no signal at about 3.15 ppm, agreeing
with H6proR being replaced. Both results agree with the re-
actions predicted in Scheme 1, supporting the notion that a
methyl hydrogen atom is transferred to the H6proS position
in the formed SP TpT.
2.2 SP Formation in Monomeric Thymidine Photo-
reactions
As shown in Figure 2, the deuterium transfer in the di-
nucleotide SP formation is very clean. It is known that the
solid-state monomeric thymidine photoreaction also pro-
duces SP. Different from single-strand oligonucleotides, the
monomeric thymidine residues do not possess the right-
handed stacking charity. As a consequence, the thymidine
photoreaction produces a pair of stereoisomers, that is the
dinucleoside 5R and 5S SP TT.41 Previously, Cadet and co-
workers employed the d3-thymidine containing a −CD3
moiety in a photoreaction in ice and isolated the formed SP
possibly as a mixture of the 5S and 5R diastereomers. How-
ever, only two thirds of the generated SP possessed a deute-
rium on the C6 carbon.3 Although these data suggest a hy-
drogen migration mechanism, the conclusion was under-
mined by the incomplete deuterium transfer observed.
The chirality difference is not supposed to change the
reaction mechanism; both 5R and 5S SP TT formation
should largely agree with the observation in the dinucleo-
tide TpT photoreaction. It is thus of interest to investigate
why the same deuterium labeling strategy resulted in dif-
ferent conclusions in these two photoreactions. In this vein,
we prepared d3-thymidine through a reaction between 2'-
deoxyuridine and commercially available d3-methyliodide
(>99.5% purity).42 The purity of the generated d3-thymidine
was analyzed by ESI-MS, which shows that about 99.5% of
the thymidine molecules contain three deuterium atoms
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Figure 2  Zoom-in view of 1H NMR signals for the H6proS and H6proR pro-
tons in dinucleotides d3-SP TpT, d4-SP TpT, and unlabeled SP TpT. The 
unlabeled SP exhibits two doublets at 3.15 and 3.02 ppm for the two 
H6 protons, which are assigned to the H6proS and H6proR, respectively. 
The doublets become a singlet in the two deuterated SP species due to 
the loss of the H–H coupling. Moreover, the H6proS and H6proR signals 
disappear in d3-SP TpT and d4-SP TpT, respectively, consistent with the 
reactions predicted in Scheme 1.© Georg Thieme Verlag  Stuttgart · New York — Synlett 2018, 29, 15–33
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l.(−CD3), 0.5 ± 0.05% contain two (−CD2H), and about 0.04%
contain no deuterium (−CH3); the abundance of monodeu-
terated species (−CDH2) is too low to be detected.42 Since
the d3-thymidine is the dominant species, all other thymi-
dine isotopologues in the mixture are likely to react with
another d3-thymidine molecule, resulting in three SP isoto-
pologues (Scheme 2).
Scheme 2  The projected SP isotopologues after photoreaction using 
about 99.5% pure d3-thymidine
After photoreaction in ice, the resulting dinucleosides
5R and 5S SP TT were subjected to LC-MS analysis. Surpris-
ingly, although the about 0.5% d2-thymidine is at the base-
line level and barely observable without zooming-in in the
ESI-MS spectrum, the d5-5R and d5-5S SPs formed are clear-
ly observed.42 Comparing the signal intensity of d2-thymi-
dine with those of d5-SPs reveals that d2-thymidine is en-
riched by 16.8 ± 1.5-fold for the 5R SP and 10.0 ± 0.7-fold for
the 5S SP. When the reaction is performed in the dry film
made from methanol evaporation, d2-thymidine is enriched
by 7.5-fold for both the 5R and 5S SP diastereomers.
Figure 3  (A) ESI-MS spectrum of the thymidine mixture containing 
about 99.5% d3-thymidine (d3-T) and about 0.5% d2-thymidine (d2-T) 
that is spiked with unlabeled thymidine (d0-T) to a final concentration of 
about 0.5%. The inlet is the zoom-in view of the 0.5% d0-T and d2-T, 
which are otherwise barely observable. (B) ESI-MS spectrum of the re-
sulting dinucleosides d3-, d5-, and d6-5R SP generated from photoreac-
tion in ice at –78 °C. The formed d3- and d5-5R SP are well above the 
baseline; their yields represent an about 17-fold enrichment of the cor-
responding protiated thymidine species.
Similar enrichments were observed in the formed d3-SPs.
As illustrated in Figure 3, A, the d3-thymidine sample that
contains about 0.5% d2-thymidine was spiked with the un-
labeled d0-thymidine to a final concentration of about 0.5%.
The resulting mixture was subjected to photoreactions in
ice at –78 °C and in dry film at ambient temperature. As
shown in Figure 3, B, the yield of d3-5R SP is similar to that
of d5-5R SP, indicating that the less deuterated d0-and d2-
thymidine species are equally enriched (by about 17 fold)
during the SP formation. A similar conclusion was also
drawn from the formed 5S SP from the ice reaction and
from 5R SP and 5S SP from the dry film reactions.42 The 17-
fold protiated thymidine enrichment during the 5R SP for-
mation suggests that in order to obtain the one third proti-
ated SP observed in the previous studies, only about 2% of
protiated thymidine impurity (combined d0-, d1-, and d2-T)
is needed! Because the previous studies were conducted
about 40 years ago, 98% purity could already be the highest
commercially available isotope grade by then.
However, the seemingly small amount of impurity still
led to the inconclusive result due to the exceptionally large
deuterium discrimination in SP formation.3
The SPs produced by these dry film reactions still con-
tain about 6–7% protiated species; such a low content of
impurities would not disturb the mechanistic investigation
with NMR spectroscopy. Re-examination of the dinucleo-
sides 5R and 5S SP TT made from the dry film reaction
showed that in the d6-5R SP produced, the H6proS signal dis-
appears and the H6proR signal becomes a singlet, consistent
with the finding from the TpT photoreaction. For the d6-5S
SP, the H6proR signal disappears, suggesting that the deuteri-
um migrates to the H6proR position. These observations
show that the formation of 5S SP mirrors that of the 5R iso-
mer; the 5R and 5S SPs are produced through the same
mechanism.
These results provide mechanistic insights into the SP
photochemistry. As shown in Scheme 3, UV light first ex-
cites the C5=C6 double bond of thymidine to form a diradi-
cal. The C6 radical abstracts a hydrogen atom from the
methyl group of another thymine, leading to the formation
of a 5-α-thyminyl and a 5,6-dihydrothymin-5-yl radical.
This step is potentially rate-limiting as indicated by the ob-
served primary kinetic isotope effect of 3.5 after deuterium
substitution at the 3'-methyl moiety in the dinucleotide
TpT photoreaction.31 The two radicals then recombine to
yield the final product SP.
3 Using Microcrystals to Reveal the 
Reaction Intermediates in SP Formation
The mechanism indicates the presence of two interme-
diates, a 5-α-thyminyl and a 5,6-dihydrothymin-5-yl radi-
cal, en route to SP formation (Scheme 3). These radicals
were observed previously in X-ray or γ-ray irradiated thy-
midine in single crystals or in frozen aqueous solution;43 al-
though there were no further studies to reveal whether
these radicals may recombine to form SP.
d3-thymidine
+ d0-T + d3-T
d6-SP
+ d2-T
d3-SP
d5-SP
hv hv
hv© Georg Thieme Verlag  Stuttgart · New York — Synlett 2018, 29, 15–33
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The thymidine crystal structure was solved about 50
years ago.44 As shown in Figure 4, the thymidine residues
stack on each other in the crystal matrix to form different
layers (Figure 4, A). This packing mode places the methyl
group of one thymine (a, Figure 4, B) right above the ring of
another thymine (b, Figure 4, B). The shortest distance be-
tween an H atom of the –CH3 moiety and the C6 of the adja-
cent thymine is only 3.18 Å. As indicated by the SP mecha-
nism (Scheme 3),31,42 the C6 radical formed after photoexci-
tation of the C5=C6 bond then abstracts an H atom from the
neighboring methyl moiety. Such an abstraction is highly
feasible in the thymidine crystal as shown by the short dis-
tance revealed. This packing mode also suggests that only
the excited C5=C6 bond in ring b is positioned to abstract
the H atom from the −CH3 attached to ring a (Figure 2, B);
the reverse direction is inhibited. Such a left-handed con-
formation thus determines that only the 5S SP can be
formed. Moreover, the C5=C6 bonds on adjacent thymidines
are 4.86 Å away from each other. Restricted by the crystal
lattice, it is very difficult for them to move closer to enable
the CPD formation. The reactive moieties involved in 6-4PP
formation are even further away, indicating that the 6-4PP
formation is also inhibited. Therefore, the thymidine crystal
photoreaction should afford 5S SP cleanly.
Figure 4  (A) Molecular packing in the thymidine single crystal.44 The 
distance between two thymidine rings is about 3.1 Å, close to the aver-
age rise found in the A-form DNA. (B) The shortest distance between an 
H atom in –CH3 and the C6 of another thymine is about 3.2 Å (blue ar-
row) that is even shorter than the 3.4 Å found in a simulated DNA struc-
ture supporting SP photochemistry.45 Therefore, the thymidines in the 
crystal can support the key H-abstraction step to initiate SP formation.
Indeed, irradiation of the thymidine crystals under 254
nm UV light for one hour results in a single product 5S SP in
≤0.1% yield; the only other species detected by HPLC is the
unreacted thymidine.46 The low SP yield is likely owing to
the fact that only layers at the crystal surface are exposed to
UV light, while the bulk material is protected from reaction.
To improve the reaction yield, the crystals were grinded
into fine powder before UV light was applied. Under a con-
stant agitation, the yield of 5S SP was improved to about
1.0% after 24 hours under 254 nm UV light.
To further improve the yield, the thymidine microcrys-
tal powder was suspended in methyl t-butyl ether (MTBE).
Under 254 nm UV light, a reaction for 2.5 hours with con-
stant agitation results in 5S SP in 30% yield; the yield is fur-
ther improved to 68 ± 3% within 12 hours.46 Moreover, al-
though the reaction under 302 nm UVB light was about six-
fold slower, the resulting SP is more stable under UVB light;
a yield of 84 ± 2% was obtained after a reaction for 32 hours.
Both yields represent a drastic improvement comparing
with SP formation in other in vitro systems, where the
maximum yield observed was about 1%.31,42
Although the thymidine crystal provides the “frame-
work” for SP formation, it may not represent the optimal
conformation as reflected by the “S” shape sigmoidal curve
(Figure 5) for reactions under both 254 and 302 nm light ir-
radiation. The sigmoidal curve suggests that a “positive co-
operativity” occurs among thymidine molecules in the
crystal. A “nucleation” phase is likely present, which allows
reaction “hot spots” to be formed to extend the interface
between the reacted and unreacted regions in the crystal-
line lattice.47 When enough “hot spots” are produced, the
reaction enters the “growth” phase until most material is
consumed. The reaction then slows down to enter the “de-
celeration” phase.47
Scheme 3  Proposed reaction mechanism for SP formation. The photo-
excitation turns the C5=C6 double bond of thymine into a diradical. The 
C6 radical abstracts an H atom from the methyl moiety of another thy-
mine resulting in a methyl radical. Radical recombination then leads to 
the formation of SP. The reaction pathway (A) represents the stereocon-
figuration found in right-handed oligonucleotides; the photoreaction 
results in the 5R SP. When the reaction is carried out using monomeric 
thymidine, pathway (B) may occur leading to the formation of the 5S 
SP isomer. Clearly, the difference in steric configuration does not 
change the SP formation mechanism. 
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l.Figure 5  5S SP formation as a function of irradiation time for micro-
crystalline thymidine suspended in MTBE. 68% yield was achieved under 
254 nm UVC; while about 85% yield can be obtained after 48 hours un-
der 302 nm UVB light. The “S” shape sigmoidal curve for both reactions 
suggests the presence of an “initiation” phase. A subtle conformational 
change in the thymidine crystal lattice induced by the formed SP mole-
cules may occur, which consequently makes the SP formation even 
more favorable. The yield decrease after prolonged 254 nm UV irradia-
tion is ascribed to possible SP decomposition.
3.2 EPR Characterization of the Radical Intermedi-
ates
Because the photoreaction in thymidine crystals exclu-
sively generates 5S SP as the sole product, the intermediates
observed in the UV-irradiated thymidine crystals are most
likely involved in SP formation. Therefore, by collaborating
with Prof. Stefan Stoll’s group at the University of Washing-
ton, Seattle, the radical intermediates formed in UV-irradi-
ated thymidine microcrystals were monitored by EPR spec-
troscopy.48 To confirm the nature of the possible radical
species, four different thymidine isotopologues were uti-
lized: unlabeled thymidine (thy), unlabeled thymidine with
all exchangeable protons (i.e. N3 of the base and O3' and O5'
of the sugar) replaced by deuterium (H/D-thy), d3-thymi-
dine with a –CD3 moiety (thy-d3), and d3-thymidine with all
exchangeable protons replaced by deuterium (H/D-thy-d3)
(Figure 6, left column). The microcrystals of these thymi-
dine isotopologues were irradiated with a 266 nm laser at
120, 210, and 250 K, and the resulting radical intermediates
studied by EPR spectroscopy (Figure 6).
As shown in Figure 7, these thymidine isotopologues
only generate two possible 5-α-thyminyl radicals (TCH2
radical). However, depending on the source of the addition-
al C6 hydrogen, four 5,6-dihydrothymin-5-yl radicals (TH
radical) may be obtained. Here, three possible H resources
may be identified: the thymidine methyl group (met), the
exchangable hydrogens (EX) or other unknown hydrogens
(O). To help decipher the EPR spectra shown in Figure 6, the
EPR spectra of the six possible TCH2 and TH radicals were
simulated (Figure 7).48
Figure 6  Continuous-wave EPR spectra of microcrystalline powder samples of thymidine (blue), H/D-thymidine (green), thymidine-d3 (red), and H/D-
thymidine-d3 (cyan) irradiated with 266 nm laser pulses at 120, 210, and 250 K. In all cases, EPR measurements were carried out at 120 K. The struc-
tures of the starting materials are shown in the left column. The isotopologues of the TCH2 and TH radicals that are used to simulate the spectra are 
indicated to the left of each starting material. In addition, the hydrogen sources (met, EX, or O defined in main text) that lead to particular TH isotopo-
logues for each starting material are indicated in parentheses. Simulations were performed assuming the restrictive model, and the fractions of hydro-
gen sources producing TH isotopologues at a given temperature of UV irradiation are indicated at the top right corner of each panel. Simulated spectra 
are shown in black.© Georg Thieme Verlag  Stuttgart · New York — Synlett 2018, 29, 15–33
22
L. Li AccountSyn lett
D
ow
nl
oa
de
d 
by
: I
nd
ia
na
 U
ni
ve
rs
ity
 S
ch
oo
l o
f M
ed
ici
ne
. C
op
yr
ig
ht
ed
 m
at
er
ia
l.Figure 7  Simulations of the 9.3 GHz EPR spectra of the two TCH2 isoto-
pologues and four TH isotopologues that appear as components giving 
rise to the spectra of Figure 6
A “restrictive model” was then developed to quantitate
the mixtures of TCH2 and TH isotopologues. As indicated by
the numbers in each figure of Figure 6, various hydrogen re-
sources contributed to different levels of TH radical forma-
tion at different temperatures. Overall, the methyl group is
the major H source for CH radical formation, agreeing with
the mechanism in Scheme 3. On the other hand, if the TH2
and TH radicals observed are “active” intermediates en
route to SP formation, they should be close enough to in-
duce coupling interactions in the EPR spectra. However, no
such coupling interactions were found, indicating that the
radicals observed represent “dead-end” species that, due to
position restrictions, cannot recombine with other radicals,
leading to SP formation.46,48 Furthermore, the TH radical
formed through the “EX” pathway implies that electron
transfer among thymidine residues also occurs,49 although
that this process may not be involved in the SP photochem-
istry.
4 Using a Phosphate Isostere to Understand 
the SP Structure
After revealing the formation mechanism, the next
question is to reveal how SP looks in the 3D space. As
shown above, the dinucleotide context is a good work mod-
el for studying SP photochemistry. Dinucleotide SP possess-
es the size of a small organic molecule and may be relative-
ly easily crystallized to provide valuable structural insights.
However, different from organic molecules that are normal-
ly neutral, the dinucleotide SP TpT contains a negatively
charged phosphodiester group. The charge is regarded to
possibly interfere with molecular interactions in the crystal
matrix, preventing the crystal formation.
A formacetal is the simplest and smallest nonchiral
isostere for a phosphate moiety and has proved very useful
in oligonucleotide biochemical studies.50,51 It is neutral and
has enabled the successful crystallization of dinucleotide
CPD analogs formed between two uracil51 and two thymine
residues52. It may prove to be a good system for SP crystalli-
zation.
4.1 Dry Film Photoreaction of Dinucleotide TCH2T 
Fails to Generate any SP
In previous studies, the dinucleotide analogs TCH2T52 and
UCH2U51 were synthesized. UVC irradiation of these com-
pounds in aqueous solution generates the corresponding
CPD species that were isolated by HPLC and subsequently
crystallized by solvent evaporation. Moreover, the 6-4PP
analog of TCH2T was also prepared through prolonged UVC
irradiation in aqueous solution.53
UV irradiation of TpT in dry film yields the correspond-
ing SP. We thus synthesized TCH2T, dissolved it in methanol,
and obtained a thin film after solvent evaporation.32 Irradi-
ation of this film with 254 nm UV light, however, results in
no SP. Since the outcome of DNA photoreaction is generally
determined by the base-stacking conformation,54 the result
indicates that the formacetal group likely interacts with the
thymine bases in TCH2T, preventing the “correct” thymine
stacking conformation to be formed. The neutral formacetal
linker may not lead to the same conformer in the film, thus
quenching the SP photochemistry.
4.2 Synthesis of Dinucleotide SP TCH2T
The chemical synthesis of the dinucleotide SP TpT was
already established,39 we then modified the procedure to
prepare the SP analog with a formacetal linkage. The previ-
ous studies used SEM ([2-(trimethylsilyl)ethoxy]methyl) as
Figure 8  X-ray structure of the 5R SP containing a formacetal linkage. 
Only the bridging methylene carbon between the two thymine bases 
and the formacetal linker carbon are labeled.© Georg Thieme Verlag  Stuttgart · New York — Synlett 2018, 29, 15–33
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linkage in the SnCl4-promoted deprotection step; the ben-
zyloxymethyl group (CH2OBn) was thus chosen for N3 pro-
tection as shown in Scheme 4.32 After the LDA-mediated
coupling step, the resulting 5R isomer was isolated for the
preparation of the 5R SP analog. Similar reactions were con-
ducted to prepare the 5S isomer.
Scheme 4  Chemical synthesis of the SP analog containing a formacetal linkage
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l.Scheme 5  Preparation of SP phosphoramidite for solid-phase oligonucleotide synthesis
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crystallization; the SP single crystal was readily formed af-
ter water evaporation.32 The structure shows that the two
thymine moieties were connected by a –CH2- linkage (Fig-
ure 8). Due to the loss of the C5=C6 bond, the resulting 5'-
thymine ring is distorted; while the 3'-thymine ring is still
planar as the ring aromaticity is still maintained. Although
the two thymine rings are  connected by the –CH2- group,
they still maintain some stacked conformation, indicating
that formation of SP in duplex DNA may not lead to big local
conformational changes. Attempts to crystallize the synthe-
sized 5S SP isomer were unsuccessful.32
5 Synthesis of SP Phosphoramidite and SP 
Structural Studies
The dinucleotide SP TCH2T structure indicates that SP
may only cause minor changes to the duplex DNA structure.
To gain further evidence supporting this assumption, an SP-
containing duplex DNA structure is preferred.
5.1 Synthesis of the SP Phosphoramidite
SP-containing oligonucleotides can be prepared by UV
irradiation of DNA in the solid state.25,31,55 However, the
yield of SP under such a treatment is very low (< 1%),31 and
the SP formation is accompanied by the formation of sever-
al other DNA lesions. To prepare SP-containing oligonucle-
otides in high purity, the use of SP phosphoramidite in sol-
id-phase synthesis is a much more preferred approach.
The phosphoramidites of CPD56 and 6-4PP57 are avail-
able, enabling preparations of lesion-containing oligonucle-
otides. These phosphoramidites are generated by UV irradi-
ation of protected dinucleotide TpT to produce the corre-
spondent dimers before the phosphoramidite moiety is
introduced. This approach, however, proves futile in the
preparation of the SP phosphoramidite as once the phos-
phodiester moiety in TpT is protected by esterification, the
resulting neutral dinucleotide no longer supports SP forma-
tion under UV irradiation.33
In contrast to CPDs and 6-4PPs, of which the chemical
synthesis is not available, synthesis of dinucleotide SP TpT
is successfully achieved.39 It is relatively straightforward to
build on from this synthesis to prepare SP phosphoramidite
as shown in Scheme 5. Comparing with the dinucleotide SP
synthesis, the key to prepare SP-containing oligonucle-
otides in acceptable yields is to replace the 2-chlorophenyl
protecting group at the phosphodiester moiety with a small
methyl group.33 Such a replacement (3→4) improves the
coupling efficiency from about 15% to about 90%; this is
possibly due to the removal of the steric hindrance caused
by the bulky chlorophenyl moiety.33
5.2 Structural Studies of an SP-Containing Duplex 
Oligonucleotide
The availability of SP-containing oligonucleotides makes
the structural studies of SP-containing duplex DNA possi-
ble. By collaborating with Prof. Millie Georgiadis’ laboratory
at the Indiana University School of Medicine, a SP-contain-
ing 16-mer self-complimentary duplex (5'-ATCCGSPATAAC-
GGAT-3') was crystallized by using a so-called host–guest
approach.58 This approach uses the N-terminal fragment of
Moloney murine leukemia virus reverse transcriptase
(MMLV RT) as the host to bind the 16-mer oligonucleotide;
the resulting nucleoprotein complex is then crystallized
under well-established experimental conditions. As a con-
trol, the undamaged 16-mer oligonucleotide with the same
sequence was also crystallized.34
Figure 9  (A) Crystal structure of the nucleoprotein complex with two 
MMLV RT molecules (cyan) and one 16-mer oligonucleotide.34 The asym-
metric unit of the complex includes one protein molecule and eight base 
pairs of the duplex oligomer. The two SPs are shown in magenta and 
pointed by two magenta arrows. (B) Superimposed structures of the 
eight-bp asymmetric oligonucleotide unit of the undamaged oligomer 
(in blue, pdb entry 4M95) and the SP TpT-containing oligomer (in ma-
genta, pdb entry 4M94). The minor groove is widened from 9.7 Å in the 
undamaged strand to 12.5 Å in the SP-containing strand.
The 16-mer duplex oligonucleotide maintains the B-
DNA conformation (Figure 9, A). In contrast to CPDs and 6-
4PPs which disrupt H-bonding interactions with the two
adenines on the complementary strand,21,59,60 the SP lesion
retains all Watson–Crick hydrogen bonds. Moreover, the
hydrogen bonds in the SP–AA pairs are even shorter than
those found in the undamaged DNA. As shown in Figure 9,
B, the undamaged DNA structure can be overlain almost
perfectly with the SP-containing 16-mer structure except
for the region surrounding the lesion where duplex un-
winding at the SP site followed by overwinding at the next
three nucleotides occurs, causing the minor groove to be
widened by almost 3 Å. However, comparing with DNA
structural changes induced by a CPD21,59 or a 6-4PP60 lesion,
the changes induced by SP are the smallest.21 On the other© Georg Thieme Verlag  Stuttgart · New York — Synlett 2018, 29, 15–33
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taining only one lesion; while the SP study used a 16-mer
oligonucleotide containing two SPs. The possibility that the
two SPs may have concerted impacts on the overall oligo-
nucleotide conformation cannot be excluded.
Although the DNA conformational changes induced by
SP were suggested to be possibly responsible for lesion rec-
ognition by SPL in germinating spores,34 the latest enzymol-
ogy data imply that these changes may not be sufficient
enough to warrant a recognition and a subsequently rapid
SP repair.29 In germinating spores, other factors such as the
unique spore DNA conformation or other SP recognition
proteins may also be involved in the SP repair. It was shown
that SP is several 100-fold more effective to induce muta-
tions than undamaged DNA.61 With SP-containing oligonu-
cleotides being available, we are now ready to decipher the
SP mutation spectrum in the close future.
6 Using a Thymine Isostere to Understand 
CPD Formation
The SP mechanism shown in Scheme 3 indicates that
the two involved thymine residues have distinct roles: one
thymine molecule (the 5'-thymine if in the oligonucleotide
context) needs to be excited to form a diradical and the oth-
er thymine can simply be the methyl donor regardless of its
excitation state. It is thus of interest to reveal whether a
methyl donor other than a thymine can facilitate SP photo-
chemistry.
6.1 A Toluenyl Moiety Does Not Support SP Forma-
tion in Dry Film Photoreactions
Toluenyl (To) moieties are close steric analogs of thy-
mine. Especially, the nonpolar 2,4-difluorotoluene residue
possesses a nearly identical size and shape of T;62,63 DNA
polymerases can readily incorporate it into DNA as if it were
thymine.63,64 We wonder whether an SP analog can be
formed in the dinucleotide analog TpTo that contains an excit-
able T at the 5'-end and a methyl-donating To at the 3'-end.
Unfortunately, after evaporation of the methanol or
aqueous solution of TpTo, irradiation of the resulting film
under 254 nm UV light leads to no obvious photoproduct
formation. In aqueous solution, the toluenyl moiety is likely
to stack on the neighboring thymine to minimize the expo-
sure area of the hydrophobic toluenyl ring to water. Such a
requirement is no longer needed in the dry film. Since
stacked nucleobases are required for the formation of py-
rimidine dimers, we tentatively conclude that the lack of
stacked conformers or the lack of reactive conformation is
responsible for the lack of formation of SP analogs.
6.2 Formation of CPD Analogs in the TpTo Photo-
reaction in Ice
When irradiating TpTo in ice under 254 nm UVC light,
two new products are found.36 Structural characterization
by NMR spectroscopy shows that both products contain a
cyclobutane ring between T and To, indicating that they are
formed through the [2+2] photoaddition mechanism, simi-
lar to the formation of dipyrimidine CPDs. Interestingly, dif-
ferent from dipyrimidine CPDs in which the two C5=C6
bonds dimerize, the CPDs formed in the TpTo photoreaction
involve the C5=C6 bond from the T and the C4=C5 bond
(product 1) or C3=C4 bond (product 2) from the To moiety
(Scheme 6, A). This result implies that symmetric to the C1–
C4 axis, either side of the toluenyl ring can stack on the thy-
mine ring. If the toluenyl moiety is replaced by a xylenyl (X)
ring, the resulting dinucleotide TpX only supports the for-
mation of one CPD product (product 3) because the steric
hindrance between the 2-methyl group and the 2'-deoxyri-
bose of X inhibits the formation of the other product
(Scheme 6, B).
Moreover, just like regular CPDs, the CPD formation in
TpTo and TpX photoreactions is reversible.35 Between the
two products generated from the TpTo photoreaction, the
quantum yield of 1 is 1.7-fold higher than that of 2. Because
the outcome of DNA photoreactions is largely determined
by the nucleobase stacking conformation before UV exci-
tation,54,65 the conformer responsible for the formation of 2,
in which the toluenyl methyl group may hydrophobically
interact with the thymine ring, is 0.11 kJ mol−1more stable at
77 K than the conformer responsible for the formation of 3.35
The CPD structures from the TpTo and TpX photoreac-
tions indicate that although the substituted toluene closely
mimics the size and shape of thymine,62,63 its stronger hy-
drophobicity may change the DNA local structure by rotat-
ing about 60° away from the TpT conformation. More inter-
estingly, toluene or substituted toluene possesses rather
different electronic structures from that of thymine due to
their higher symmetries, absence of the nπ* states, and lack
of tautomeric structures,3,66 making them rather photoin-
ert. Therefore, in TpTo/TpX, only the thymine residue is
likely excited by the 254 nm UV light. The fact that CPDs are
still formed here indicates that the CPD photochemistry
only requires excitation of one of the involved pyrimidine
residues.
7 Using a Thymine Isostere to Understand 
6-4PP Photoreaction
UV irradiation of natural dipyrimidine sequences al-
ways results in a mixture of photoproducts. For instance, ir-
radiation of TpT in aqueous solution results in both CPD and
6-4PP. In contrast, the TpTo and TpX photoreactions only
generate CPDs. Specifically, irradiation of TpX produces a© Georg Thieme Verlag  Stuttgart · New York — Synlett 2018, 29, 15–33
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l.single CPD species in a very clean manner. Because the 5'
and the 3' residues in a dipyrimidine step are spatially dif-
ferent due to the oligonucleotides’ right-handed chirality, it
is of interest to reveal whether the reaction pattern changes
after switching the T and X in the dinucleotide context.
Interestingly, UV irradiation of the resulting dinucleo-
tide XpT also generates two major products, both of which
exhibit an UV absorption at about 320 nm, indicating that
they both contain a pyrimidone ring found in the natural 6-
4PP.37 No CPD or true SP analog (with a methylene bridge
between C5 of X and C5 of T) was found. Product 1 is identi-
fied as a 6-4PP analog (Scheme 7). Product 2 contains a
methylene bridge formed from the 5-methyl moiety of X
that is added to the thymine ring at the C4 position. Since
the only naturally occurring thymine dimer that contains a
methylene bridge is SP, this product is named an SP analog.
The chemical structures imply that both products are
formed from reactions involving the thymine C4=O moiety.
To understand the chemical mechanism behind this XpT
photoreaction, quantum-chemical calculations were con-
ducted in collaboration with Prof. Tatiana Domratcheva’s
group at the Max-Planck Institute for Medical Research,
Heidelberg, Germany.37 The calculations indicate that the
rather photoinert but electron-rich xylenyl ring readily do-
nates an electron to the photoexcited 3'-thymine residue,
resulting in a pair of transient radical cation and anion. The
formation of these intermediates lowers the energy in the
formation of interbase covalent bonds eventually yielding
the 6-4PP and the SP analogs.
Only the thymine ring is likely to be photoexcited in the
XpT photoreaction. The excitation of the 3'-T seems suffi-
cient enough to enable the reaction at C4=O, leading to the
formation of the 6-4PP. This result, together with our previ-
ous studies on the formation of cyclobutane pyrimidine di-
mers (CPDs) and SP described above, indicates that exci-
Scheme 6  (A) Chemical structures of the two CPD analogs generated from the TpTo photoreaction. No other species, such as an SP analog, was detected. 
Similar to CPD formation between two natural pyrimidine residues, the CPD formation in the TpTo photoreaction is also reversible. However, different 
from the CPDs from dipyrimidine photoreactions where the two C5=C6 bonds dimerize into a cyclobutane ring, the CPDs formed here involve the 
C5=C6 from T and the C3=C4 or C4=C5 from To. (B) In contrast, photoreaction of the dinucleotide TpX only results in one photoproduct (product 3). 
The steric hindrance between the 2-methyl group and the 2'-deoxyribose in To prevents the formation of the other product.
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Scheme 7  Chemical structures of the two photoproducts formed in the XpT photoreaction under 254 nm UV light. Product 1 is a 6-4PP analog. 
Product 2 involves a xylenyl methyl group and is named an SP analog as SP formation also involves a thymine methyl group. Both reactions involve the 
C4=O moiety at the thymine. Quantum-chemical calculations imply that upon UV excitation, the thymine ring accepts an electron released by the 
xylenyl ring, generating a pair of transient thyminyl anion and xylenyl cation intermediates. Subsequent reactions of these species lead to the formation 
of the 6-4PP and SP analogs.
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rimidine dimerization, and this is likely a general model for
all three pyrimidine photoreactions.
8 Understanding the Chemical Stability of SP
As the genetic information carrier, the genomic DNA
needs to maintain its chemical and physical stability. For-
mation of pyrimidine dimers is often accompanied with
DNA strand breaks, indicating that the photolesions may
weaken the otherwise stable DNA backbone. However, how
nucleobase modifications trigger reactions at the 2'-deoxy-
ribose to break the DNA backbone remain ill defined. It is
thus of significance to understand the basic chemical reac-
tivity of DNA photolesions to shed light on the mechanisms
involved in the conversion of a simple nucleobase modifica-
tion into an act of DNA cleavage.
Treatment of lesion-containing oligonucleotides with
0.1 M NaOH or 1 M piperidine at an elevated temperature is
often used to induce strand cleavage,67 which is then used
as a function assay to reveal the presence of certain lesions
in the oligomeric DNA. To understand the chemical stability
of SP, we first treated the dinucleotide SP TpT with 0.2 M
KOH at ambient temperature and found that such a treat-
ment results in a single product, an SP hydrate.68 Interest-
ingly, this hydrolysis reaction is reversible under basic con-
ditions; the equilibrium determines that there is always
some SP left in the reaction solution.68 When the reaction is
carried out in 18O-labeled water containing 0.2 M KOH, the
18O label is quickly incorporated into the remaining SP as
shown by ESI-MS spectrometry. Moreover, the newly
formed SP hydrate at the very beginning only carries one
18O label; prolonged incubation converts all SP hydrate into
the doubly-18O-labeled species. This observation is best ex-
plained by the reversible formation of a tetrahedral gem-
diol intermediate at the C4 position of the 5'-thymine that
is saturated due to the addition of the methylene group to
the C5 (Scheme 8). At pH 7.4, this gem-diol intermediate is
still formed as implied by the incorporation of 18O into SP
albeit at a slower rate, suggesting that the intermediate and
the subsequent ring-opened SP hydrate may form in a live
cell when SP is present in the genomic DNA.68
The SP formation from the reversal of SP hydrate in a
basic solution is surprising as that requires an ureido group
being added to the carboxyl moiety. It is rare for a direct
amidation of carboxylic acids to occur without catalysis be-
cause the carboxyl moiety is not a good electrophile due to
the negative charge it carries. Detailed studies of the SP re-
versible hydrolysis in the presence of 0.2 M KOH determine
Scheme 8  Formation of an SP hydrate during the alkaline treatment of SP in 18O-labeled water. SP and its hydrate are in equilibrium with the reaction 
conditions used. As monitored by ESI-MS spectrometry, SP quickly exchanges with water to subsequently carry an 18O label and the newly formed SP 
hydrate also carries an 18O label at the very beginning of the reaction. A prolonged incubation eventually converts all SP hydrate into the double-18O-
labeled species. These observations indicate the formation of a gem-diol intermediate at the C4=O of the 5'-thymine residue that subsequently leads to 
the rupture of the N3–C4 bond yielding the SP hydrate.
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l.a ΔH of –14.87 ± 1.5 kJ mol–1 and a ΔS of –43.24 ± 3 J mol–1
K–1, which imply that although kinetically favorable at an
elevated temperature, the equilibrium disfavors the ring-
opening reaction to form an SP hydrate. Therefore, the SP
formed in the genomic DNA is to some extent protected
from undergoing such a ring-opening process, thus helping
maintain the integrity of the spore genome.
Although SP hydrate formation is somewhat inhibited
by the unfavorable equilibrium,  it may still form in the ge-
nome that may subsequently lead to DNA strand cleavage.
To reveal how this process may occur, the SP hydrate is iso-
lated and heated to 90 °C for 0.5 hour in a buffer at neutral
pH.67 Monitoring the reaction by ESI-MS reveals the pres-
ence of two intermediates before the DNA backbone is
cleaved (Scheme 9). The mechanism thus provides a de-
tailed picture on how SP may be responsible for DNA strand
scission that was observed in UV irradiated endospores.69
9 Understanding the Chemical Stability of 
6-4PP
The base lability of SP indicates that similar reactions
may occur with other pyrimidine lesions. 6-4PP is long
known to be base labile.70 This induced strand cleavage of-
fers a functional assay for the analysis of 6-4PP formed in
the genomic DNA,71 although some studies question
whether 6-4PP is truly alkaline labile.72,73 It was reported
previously that alkaline treatment of 6-4PP results in a sim-
ilar hydration product possible via the gem-diol intermedi-
ate at the C4 followed by rupture of the N3–C4 bond.72,74
Our group, however, demonstrated that the 6-4PP hydrate
may not be stable enough to be detected as it undergoes a
rapid esterification reaction facilitated by the 5-OH group,
resulting in a stable 2-oxazolidinone (5-4) pyrimidone prod-
uct after eliminating a molecule of ammonia (Scheme 10).75
Scheme 9  The SP hydrate-mediated DNA strand cleavage reaction at physiological pH. Two reaction intermediates were observed by ESI-MS spec-
trometry, providing a detailed picture on how SP formation may lead to the strand cleavage.
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reversible SP hydrolysis reaction. Since the putative 6-4PP
hydrate was not observed under the reaction conditions
used, it is unclear whether the hydrolysis is reversible.
However, the deamination/esterification step leading to 2-
oxazolidinone (5-4) pyrimidone is irreversible, which then
drives the reaction to completion. The ring-opening reac-
tion upon base treatment was also observed with 5,6-dihy-
dro-2'-deoxyuridine (dHdU), and the reaction produces a
stable dHdU hydrate resulting from the decomposition of
the gem-diol intermediate. Therefore, even though the gem-
diol formation appears to be a common mechanism associ-
ated with a saturated pyrimidine ring, the different reactiv-
ity exhibited by SP, 6-4PP, and dHdU suggests that the sta-
bility of a saturated pyrimidine residue is largely controlled
by the very chemical structure of the lesion.
10 Summary and Perspectives for Future 
Research
In summary, our research in the past eight years on py-
rimidine dimers, especially on SP, illustrates what synthetic
chemistry can do to help advance our understanding on the
formation mechanisms of DNA photolesions. The deuteri-
um labeling strategy enabled by synthetic chemistry allows
us to firmly establish the SP formation mechanism, solving
a controversy that had been puzzling the DNA photochemi-
cal field for nearly 40 years. Previous DNA photochemical
studies used natural thymine and cytosine residues, both of
which can be excited upon UV irradiation. By substituting a
thymine with a photoinert toluenyl or xylenyl moiety, we
are able to distinguish the two involved pyrimidines and
obtain clear evidence that both CPD and 6-4PP formation
require excitation of only one of the pyrimidine residues.
Therefore, the two seemingly identical pyrimidine residues
may play distinct roles in pyrimidine photochemistry.
Moreover, the electron-rich xylene facilitates electron do-
nation but impedes electron acceptance. Therefore, in the
XpT dinucleotide, only 5' to 3' ET may occur that leads to 6-
4PP formation, thus providing unambiguous experimental
evidence that 6-4PP photochemistry is initiated by the 5'-
to-3' but not the 3'-to-5' ET process.
Despite the progress made, various questions on the
pyrmidine dimerization mechanism still remain. For in-
stance, CPDs and 6-4PPs can be formed in any dipyrimidine
step, while SP is only found between two thymine resi-
dues.21 However, the C=C moiety in a cytosine can also be
excited to a diradical under UV irradiation. According to the
proposed SP mechanism, the C6 radical of the 5'-C may
readily abstract an H-atom from the methyl group of the
3'-T residue and the resulting C5 and methyl radicals may
recombine to yield an SP in the CpT step. Why such SP CpT
photochemistry does not occur in nature is unclear. More-
over, interbase electron transfer between the two involving
pyrimidine residues has been indicated to be essential for
6-4PP formation as studied in the dinucleotide context.11
Electron transfer from the neighboring nucleotides to the
dipyrimidine step likely occurs in the genomic DNA. How
the redox property of these “neighbors” may alter the CPD
or 6-4PP photoreaction in the dipyrimidine step is also un-
known. To address these questions, longer DNA strands
containing certain sequences or certain chemical modifica-
tions are needed, which again can be prepared through or-
ganic synthesis.
In addition to the elucidation of lesion formation mech-
anisms, our studies have also created tools for better under-
standing of the general SP photobiology. Our SP phosphora-
midite for the first time enables SP incorporation into oligo-
nucleotides with high purity, paving the way for studying
the SP impacts to the genome function/stability. Using SP-
containing duplex oligonucleotides, we obtained a crystal
and solved the structure that shows that SP only induces
very minor conformational changes. Thymine dimers are
mainly repaired by the nucleotide excision repair (NER)
pathways in vegetative cells that rely on lesion-induced
DNA conformational changes for substrate recognition.76
Thus, the observed small changes suggest that SP may be
difficult to be recognized by NER in B-DNA and its repair in
resulting vegetative cells is likely slow. Subsequently, a
large portion of SPs may survive the repair process and lead
to mutations during error-prone lesion bypass events. SP is
implied to be highly mutagenic and its mutation spectrum
is unknown.61 The synthesized SP-containing oligonucle-
otides will enable detailed polymerase bypass studies to
shed light on the SP mutation properties.
Besides those mentioned above, our studies described
here also suggest that organic synthesis and chemical anal-
ysis have the potential to enable the development of many
other highly useful “toolsets” that may allow the under-
standing of DNA photobiology in unprecedented details. In
this vein, we tentatively bring out two directions to illus-
trate what may be done in the future.
Firstly, lesion-specific antibodies have played important
roles in the development of DNA photobiology. The CPD
and 6-4PP antibodies were generated almost forty years
ago;77 they have enabled numerous CPD and 6-4PP biologi-
cal studies in various organisms including rodents78 and
humans79 with use of assays such as immunostaining and
immunoprecipitation. However, the currently available CPD
antibodies mainly recognize the cyclobutane structure;
they cannot effectively distinguish the four CPDs formed in
a specific dipyrimidine step, that is TT, TC, CT, or CC. Similar
problems are also true with the 6-4PP antibodies. So far, no
SP antibodies have been reported. Currently, immunology
has reached a stage that allows the development of anti-
bodies capable of distinguishing small structural differenc-
es in antigens. For example, monoclonal antibodies specifi-
cally recognizing 5-methycytosine (5mC) are now commer-
cially available, proving that it is highly feasible to develop© Georg Thieme Verlag  Stuttgart · New York — Synlett 2018, 29, 15–33
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between a T/C and a 5mC. Therefore, it is feasible to develop
antibodies recognizing a specific pyrimidine dimer. In order
to make it work, oligonucleotides (prepared by synthetic
chemistry) contain a well-defined pyrimidine dimer are
needed as the antigen for immunization. This, coupled with
the careful antibody screening after immunization, should
allow the preparation of antibodies with a much enhanced
specificity.
Secondly, comparing with antibody-based immunoas-
says that may suffer from nonspecific antibody binding
and/or weak binding induced by DNA secondary structures,
the “holy grail” for genome-wide DNA photolesion analysis
is to harness the power of lesion-specific chemistry for le-
sion labeling to enable lesion enrichment and minimize the
structural bias. As demonstrated by the recent seminal
work of 8-oxo-7,8-dihydroguanine (OG) sequencing analy-
sis from Burrows’ group, the lower redox potential of OG
(about 600 mV lower than G) was utilized to allow the se-
lective oxidation of OG without touching the undamaged G.
The resulting electrophilic OG oxidation product can then
be labeled by amine-terminated biotin, allowing the specif-
ic pulldown of modified DNA fragments through biotin-
streptavidin interactions for subsequent high-throughput
sequencing anlysis.80
The successful development of the OG analytical assay is
based on the good understanding of the redox properties of
OG. Any given DNA lesion may possess some unique chemi-
cal properties, the understanding of which may enable tar-
geted lesion chemical modifications, subsequently allowing
selective enrichment of lesion-containing DNA fragments.
As shown in our alkaline treatment of SP, 6-4PP, and dHdU,
these lesions exhibit very different chemical stability under
basic conditions, even though they all pass through the
same gem-diol intermediate before ring-opening occurs.
This stability difference may allow us to design assays to
specifically target a given lesion. It is our hope that by thor-
oughly understanding the reactivity difference among py-
rimidine dimers as well as other DNA lesions, genome-wide
lesion mapping can be achieved in the close future.
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